In order to test if the carboxyl terminal polypeptide of the Retinoblastoma (Rb) tumor suppressor protein, could be used to suppress the growth factor-independent growth phenotype of p210 bcr-abl positive myeloid cells, we introduced a truncated form of the 3' end of the Rb cDNA encoding its last 173 amino acid residues (Rb Cbox) which localize into the cytoplasm where the p210 bcr-abl transforming protein is found, into myeloid cells (32D) which depends on the p210 bcr-abl protein for IL3 growth factor-independent growth (32D-p210). The expression of the plasmid vectors carrying the Rb C-box cDNAs was shown to inhibit the abl tyrosine speci®c protein kinase activity of the p210 bcr-abl oncoprotein and to suppress the IL3-independent growth phenotype of the 32D-p210 cells. The Rb C-box polypeptides did not suppress the growth of the untransfected 32D parental cell line in methylcellulose in the presence of IL3-conditioned medium. These results suggest that the cytoplasmic localization of the p210 bcr-abl allows it to escape the eect of intranuclear proteins such as Rb which negatively regulate the p145 c-abl kinase.
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Introduction
The p210 bcr-abl protein is a chimeric oncoprotein which arises from a balanced chromosomal translocation between chromosomes 9 and 22. The acquisition of the t(9;22)(q34,q11) chromosomal translocation in chronic myelogenous leukemia (CML) at diagnosis is associated with anchorage-independent growth, and genetic instability (Rowley, 1973; Ben-Neriah et al., 1986; Heisterkamp et al., 1985; Gale and Canaani, 1984) . Later in the evolution of the chronic phase, the phenotype of growth factor-independent growth is acquired.
The normal c-abl protein, which contributes to the formation of the bcr-abl fusion protein, inhibits cell cycle progression at the G1/S interface and promotes apoptosis, when over expressed in mammalian cells or following irradiation or chemotherapy induced DNA damage (Lugo et al., 1990; Jain et al., 1997; Skorski et al., 1995 Skorski et al., , 1997 Raitano et al., 1995; Kharbanda et al., 1995; Yuan et al., 1996) . The kinase activity of the p145 c-abl is tightly regulated in a cell cycle dependent manner (Kharbanda et al., 1995; Yuan et al., 1996; Welch and Wang, 1993; Kipreos and Wang, 1992; Wang, 1988; Goga et al., 1993) . Mutations at both the animo and carboxyl terminal ends of the c-abl, as well as changes in its subcellular localization have been shown to deregulate the kinase activity of p145 c-abl (Goga et al., 1993; Muller et al., 1991; Rosenberg and Witte, 1988; Van Etten et al., 1989) .
Our laboratory has proposed that the presence of the carboxyl terminal fragment of Rb in the cytoplasm will suppress the transforming function of p210 bcr-abl . This was based on earlier observations (Welch and Wang, 1993) showing that the carboxyl terminal region of the Rb protein inhibited the c-abl kinase by binding to its ATP binding site. We tested this hypothesis by expressing cDNA transcription units coding for the carboxyl terminal fragment of the Rb c-box in the cytoplasm of the 32D myeloid leukemia cell line, which is dependent on IL3 for its in vitro growth, but becomes independent of IL3 following introduction of the bcr-abl cDNA, which codes for the p210 bcr-abl transforming protein. Expression of the Rb C-box transcription units in the p210 bcr-abl positive 32D cells in the absence of IL3 was observed to suppress the growth of this cell line (32D ± p210) in methylcellulose, without altering the growth of the parental 32D cells in methylcellulose in the presence of IL3. This showed that the growth inhibitory eect of the carboxyl terminal Rb C-box polypeptide was speci®c in its inhibitory eect on the transforming function of p210 bcr-abl in myeloid cells.
Results

Cytoplasmic subcellular location of Rb C-box peptides
We constructed expression plasmids for the Rb C-box by ligating cDNAs for Rb cDNA fragments in frame with a start codon and a kozak sequence. These transcription units were ligated in frame with the GST cDNA as shown in Figures 1 and 2 . These plasmid clones included the Rb C-box itself, a truncated form of the Rb c-terminus, and a mutated form of the Rb C-box, designated Rb MC-box, in which lysine 872 was changed to an asparagine, and arginine 875 was changed to a histidine in the nuclear localization signal. Mutations in the Rb protein in a similar region have been shown by others to change the location of Rb from the nuclear to non-nuclear location (Zacksenhaus et al., 1993) . We then electroporated expression plasmids containing each of these peptides, into 32D cells, and then conducted in situ¯uorescence staining with an antibody speci®c for the carboxyl terminus region of the Rb proteins. As shown in Figure 2a , both the Rb C-box and the Rb MC-box were found primarily in the cytoplasm of the 32D cells. Although the majority of Rb staining was cytoplasmic in the Rb C-box and Rb MC-box clones, there was a small amount of intranuclear staining in both cases. Since the full length endogenous Rb protein is normally in the nucleus, this data suggests that the levels of the cytoplasmic Rb C-box are much higher than that of the full length intranuclear Rb in the transfected cells.
Rb C-box binds to p210 bcr-abl as well as to p145
c-abl
The cellular protein lysates from 32D and 32D-p210 cell lines were incubated with the GST fusion protein beads. The GST-Rb C-box and GST-Rb MC-box polypeptides were shown to bind not only to the p145 c-abl protein in 32D cells but also to the p210 bcr-abl protein in 32D-p210 cells (Figure 2b ). In contrast, no detectable binding of either the GST protein itself or the Rb truc-box (a truncated form of Rb C-box the carboxyl terminal end of which was removed beyond the nuclear localization signal), was found to the p145 c-abl or to the p210 bcr-abl , indicating that the region of Rb C-box which is bound to the p145 c-abl proteins is located in a region between the carboxyl terminus and the nuclear localization domain of the Rb C-box (the region which is deleted in the Rb truc-box).
Study of transcription units in which tetracycline regulated the expression of the Rb C-box and the Rb MC-box in 32D cells
We ®rst introduced the cDNA for a tetracycline regulated transcriptional regulatory protein, which contains the tetracycline DNA binding domain fused to the VP16 positive transcriptional regulatory protein, into the 32D cells. This cell line was shown to still depend on IL3 for proliferation (data not shown). The tetracycline regulated transcription units for the Rb Cbox and the Rb MC-box were then introduced into this cell line. Both the Rb C-box and the Rb MC-box were shown to be inducibly expressed by lowering the tetracycline concentration in cultures of the tet32D-c13 cells, as shown in Figure 3 .
Tetracycline regulated bcr-abl transcription unit in 32D cells
We next constructed an inducible p210 bcr-abl oncoprotein transcription unit by placing a tetracycline regulated transactivation enhancer 5' to CMV promoter which was 5' to the bcr-abl cDNA. This clone is called tetp210 bcr-abl 32D cl-12. We ®rst used Western blotting to show that the level of p210 bcr-abl was varied inversely in a continuous fashion with the levels of extracellular tetracycline (Table 1) . When tetracycline was added to a suspension culture of the tetp210 bcr-abl 32D cl-12, in the absence of IL3, the growth of the cells was suppressed. When the tetracycline concentration was decreased, the tetp210 bcr-abl 32D cl-12 cells started to grow (Figure 4 ). This shows that the tetp210 bcr-abl 32D cl-12 cells which contained both the tetracycline/VP16 and p210 bcr-abl transcription units is still dependent on the bcr-abl transcription unit in the absence of IL3.
Rb C-box and Rb MC-box suppress p210 bcr-abl associated growth factor-independent growth in 32D cells
We next tested if the Rb C-box polypeptides would suppress p210 bcr-abl -dependent growth of the 32D cells. When the pGD-p210 plasmid encoding the full length p210 bcr-abl was co-transfected into 32D cells along with backbone vector, the Rb C-box or the Rb MC-box vectors in a 1:5 ratio, we observed a reduction in colony formation in methyl cellulose in the absence of IL3 in the cases of the Rb C-box or the Rb MC-box vectors, as compared with that seen with the pUHD10-3 backbone vector which did not contain an Rb C-box clone (Table 2 , Figures 5 and 6 ). The pGD vector electroporated without p210 bcr-abl showed no colony formation in methyl cellulose plates (in the absence of IL3), indicating that the p210 bcr-abl is required for growth of 32D cells in methyl cellulose in the absence of IL3 (Table 2 , and Figure 5 ). When the p210 bcr-abl expression vector is co-electroporated into tet32D cells with 1:1, 1:5 or 1:10 ratios of the Rb C-box or the Rb MC-box, we observed a dosedependent decrease in colony number (Figure 6) in the cultures of the cells as the excess of the Rb C-box or and from 646 ± 792, respectively. The E2F binding site is marked as the A/B pocket, and is located between amino acids 379 ± 869. The carboxyl terminal part of the Rb which contains the Rb C-box is located between amino acids 768 ± 869. The Rb C-box constructs used in this study span the last 173 amino acids. A methionine start codon was created for the pCMV expression constructs or for the tetracycline repressible constructs. Rb MC-box was prepared by site-directed mutagenesis which results in changes from lysine 872 to asparagine and from arginine 875 to histidine. Rb truc-box was constructed by deleting amino acids 860 ± 928 at carboxyl terminal end which removed the sequence of nuclear localization signal and the amino acids thereafter Rb MC-box plasmid was increased over the bcr-abl plasmid.
When similar amount of plasmids encoding the Rb C-box or the Rb MC-box was co-electroporated in a tenfold excess along with a dominant selection marker, pSVzeosine into tet32D cells which were plated in methylcellulose supplemented with IL3, the growth of the tet32D cells transfected with the Rb Cbox or the Rb MC-box vectors was no less than that seen in cells transfected with the backbone vector in medium supplemented with IL3 (Table 3) . These results indicated that the growth inhibitory eect was not due to a nonspeci®c toxic eect of the Rb C-box in the absence of IL-3 was not due to a nonspeci®c toxic eect of the Rb C-box polypeptides on the TeT32D cells. Together, these results indicated that the Rb C-box and the Rb MC-box proteins, when in a stoichiometric excess over p210 bcr-abl proteins, could speci®cally suppress the p210 bcr-abl -dependent IL-3-independent growth of 32D cells in methyl cellulose, not supplemented with IL3.
In vitro kinase inhibition assay
When a stoichiometric excess of GST protein or GSTRb truc-box (ratio of GST or GST-Rb truc-box/abl bcr-abl protein in vitro. We incubated mixtures consisting of equal amounts of total protein cell lysate made from the mouse 32D myelogenous leukemia cell line (left panel) and from the mouse 32D-p210 bcr-abl cell line (right panel) with a similar level of GST, GST-Rb C-box, GST-Rb MC-box, and GST-Rb truc-box beads in vitro. After extensive washing, the beads and adsorbed proteins were subjected to SDS ± PAGE immobilization onto a membrane and incubation with the 8E9 anti-abl antibody, and then we visualized with ECL reagent. The type of fusion bead added to each lane is listed above each lane of the gel
Backbone Vector
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Inhibition of p210 bcr-abl by Rb polypeptide X-YD Guo et al kinase >100), which does not contain the carboxyl terminal end of Rb C-box, was added to the kinase reaction, the abl kinase activity was not suppressed. However, when a stoichiometric excess of the Rb Cbox or Rb MC-box GST polypeptides was added (Rb C-box or Rb MC-box/abl kinase >100), the phosphorylation of GST-Crk was reduced in a doseresponsive manner (Figure 7) , even when the ratio of Rb C-box or Rb MC-box/abl kinase was less than 100.
Discussion
These results shown that the Rb C-box or Rb MC-box polypeptides inhibit the p210 bcr-abl tyrosine speci®c protein kinase, thereby converting an IL3-independent myeloid leukemia cell line, into an IL3-dependent cell line.
As indicated in Figure 2b , both the Rb C-box, and the Rb MC-box were able to bind to p145 c-abl as well as to the p210 bcr-abl protein suggesting that changes in the sequence in the nuclear localization domain does not change the binding anity of the Rb carboxyl terminal peptide for p145 c-abl . In addition, the Rb truc-box, which is deprived of carboxyl end sequence beyond the nuclear localization signal of Rb C-box, does not bind to p210 bcr-abl or p145 c-abl suggesting that this is the key region which interact with abl protein. The binding of the Rb C-box or the Rb MC-box peptides was associated in vitro with inhibition of the abl kinase.
The Rb C-box peptide resulted in the reduction of the colony formation of 32D p210 bcr-abl cells in methyl cellulose not supplemented with IL3. This inhibition of colony formation was not observed in similar experiments in which the Rb C-box peptide was co-electroporated with the zeomycin cDNA dominant selection marker into tet32D cells in the presence of IL3. These experiments are consistent with earlier reports by Calabretta and his coworkers, who observed inhibition of proliferation of p210 bcr-abl dependent cells when the bcr-abl antisense oligonucleotides were used (Szczylik et al., 1991) . The results of these experiments suggest that the interaction between the p210 bcr-abl and the Rb C-box is highly speci®c. In addition, these studies suggest that the non-nuclear location of the p210 bcr-abl allows it to escape the eect of intranuclear proteins, like the full length Rb protein, which negatively regulates the tyrosine speci®c protein kinase of the p145 c-abl . Figure 3 Inducible expression of the transcription units encoding Rb C-box or Rb MC-box by withdrawal of tetracycline in the culture. The tet32D cells were transiently transfected with pUHDRb C-box or pUHD-Rb MC-box expression plasmids. After radiolabeling with 35 S-methionine, the Rb C-box and Rb MC-box were immunoprecipitated by antibody against the Rb carboxyl terminus and loaded on the SDS ± PAGE. Autoradiography was performed to detect the radiolabeled proteins. Vector, pUHD10-3 vector backbone; C-box, pUHD-Rb C-box; MC-box, pUHD-Rb MC-box. +, in the presence 1 mg/ml tetracycline; 7, in the absence of tetracycline The cell lysates from 32Dtet-p210 cells incubated in varying concentrations of tetracycline were separated on SDS ± PAGE. Western blot was then performed using antibody against Abl and Bcr-Abl and c-Abl were visualized with ECL reagents. The relative levels of Abl and Bcr-Abl were determined on a densitometer Figure 4 Continuous expression of the p210 bcr-abl was required for maintenance of the transforming phenotype (growth factorindependent growth) induced by p210 bcr-abl in 32D cell line. A cell line (designated tetp210 bcr-abl 32D cl-12) in which the expression of the p210 bcr-abl is under the control of tetracycline enhancer elements and a minimal CMV promoter, was grown in the presence of tetracycline (which suppresses bcr-abl expression) and in the presence of IL3 for 7 days before the beginning of the experiment. Then we tested the growth of the tetp210 bcr-abl 32D cl-12 cell line under the following conditions: the presence of IL3 and the presence of tetracycline which suppresses bcr-abl expression (*); the absence of IL3 and the absence of tetracycline so that the bcr-abl transcription unit is expressed (~). The eect of adding tetracycline (which suppresses bcr-abl expression) on the growth of the cells in the absence of IL3 (line connected by the letter X) was the third condition. The viable cell number was counted under each condition Since a signi®cant fraction of the c-abl is in a nonnuclear location, the Rb is probably not the only protein in the cell which governs the activity of the c-abl kinase. However, the data in this paper describing the inhibitory eect of the Rb C-box fragment, suggests that peptidomimetic inhibition of the p210 bcr-abl could be of value in the therapy of CML.
Materials and methods
Electroporation
32D cells were incubated with linearized plasmids for approximately 10 min, loaded into 0.2-cm cuvettes (Biorad), pulsed under the following conditions: resistance 13 ohm, capacity 960 mF and voltage of 200 V. After electroporation, the cells were resuspended in 10% FBS IMEM, supplemented with 10% of IL-3-conditioned medium, and then incubated in 5% CO 2 , 378C for 24 ± 48 h. Cells were then collected, washed twice with PBS, and then either plated in the methylcellulose or suspended in radioimmunoprecipitation assay buer (RIPA buer), prior to Western blotting or immunoprecipitation.
Vectors and GST fusion proteins
The oligonucleotide primer IBB-1(5')5'-ACTGGATCC-TATAACTCG GTCTTCATGCA-3' and IBK-2(3')5'-TGAGGTACCGA TCCTCATTTCTCTTCCTTG-3' were used to amplify the last 522 bp of human Rb gene coding region. A truncated form of the Rb c-terminus, which does not contain a nuclear localization sequence and sequences aliated, was ampli®ed using oligos IBB-1 and IBK-3T (3' primer) 5'-TTAGGTACCTCAGAG-C ACACG GTCGCTG-3'. The IBB-1 contains a BamHI site at its 5' end, while the other two have a KpnI site at their 3' ends. After PCR ampli®cation, the PCR products were cloned into the pCRII vector, then bcr-abl plasmid with the pUHD10-3 backbone vector plasmid in ratio of 1:5, and then plating and growth in methylcellulose in the absence of IL3 for 2 weeks. Next to bottom (3rd from the top) photograph: 10 6 32D cells following cotransfection with p210 bcr-abl with the Rb C-box plasmid in a ratio of 1:5 and then plating and growth in methylcellulose in the absence of IL3 for 2 weeks; bottom photograph: 10 6 32D cells following cotransfection with p210 bcr-abl with the Rb MC-box plasmid in a ratio of 1:5 and then plating and growth in methylcellulose in the absence of IL3 for 2 weeks. The photographs are representative results from one of the three experiments conducted After recovery from the conditions of transfection for 2 days, the cells were then plated in methylcellulose in the absence of IL3. The colony number of each plate was counted after 2 weeks. The data was from a single experiment digested with BamHI and EcoRI, and subsequently subcloned into pGEX-4T-3 (Pharmacia). The resultant plasmids were called pGEX-RCPG (wild type Rb C-box) or pGEX-RCPS (truncated, Rb truc-box). A mutated form of the Rb C-box in pGEX was developed with the Transformer Kit (Clontech) using the oligos pGEX mut-1 (5'-GGTTTCTTAGTCGACAGGTG GCAC-3') which changes the AaTII in the pGEX vector to SalI, and the Rb MC-box speci®c oligo nucleotide (5'-CTCCTAAA-CCACTGAACA AACTACAC TTTGATATTGAAGG -3') which changes lysine 872 to asparagine and arginine 875 to histidine in the Rb nuclear localization signal. Three of the resultant colonies were picked and sequenced and one was chosen for further study. The pGEX Rb C-box and pGEX Rb MC-box mut-1 plasmids were linearized with BamHI and then ligated with the adaptor Kozak-1 (5'-GATCGCGGCCGCCCACCATGG-3') and Kozak-2 (5'-GATCCCATGGTGGGCG GCC GC-3'), to generate a new NotI site and a Kozak sequence. The resulting plasmids were then cut with NotI and subcloned into a pCMV vector, giving rise to pCMVKozakRb C-box and pCMVKozakMUT-1. The pCMVKozakRb C-box and pCMVKozakMUT-1 were linearized with XhoI and BamHI and subcloned into pUHD10-3 with adaptors.
In vitro GST Rb C-box and Rb MC-box binding assay
The E. coli strain DH10B transformed with pGEX-3T-1 (plasmid with GST vector backbone), pGEX-RCPG (plasmid with GST fused to the Rb C-box cDNA), pGEX-RCPS (plasmid with GST fused to the Rb trucbox cDNA) or pGEX-C-boxMut-1 (GST fused to a Rb MC-box cDNA), they were then grown and induced with IPTG for 3 h. The GST fusion proteins were puri®ed by anity chromatography with glutathione sepharose beads. The exponentially growing 32D or 32D-p210 cells were collected and lysed. The lysates were then incubated with GST fusion proteins on the rocker for 2 h at 48C. After extensive washing with NETN buer, the beads were subjected to 7.5% SDS ± PAGE.
Western blot and immunoprecipitation
The expression of p210 bcr-abl and the interaction of Abl or BcrAbl proteins with GST-Rb C-box fragments were detected by Western blotting using anti-Abl antibody (8E9) as described previously (Henderson et al., 1997) . The expression of the Rb C-box and Rb MC-box was examined with immunoprecipitation analysis (Zhang et al., 1994) using antihuman Rb antibody (C-15, Santa Cruz Biotech).
Indirect immuno¯uorescence
The cells which had been transfected were applied to slides, air dried, ®xed with 7208C cold methanol:acetone (1:1) for 10 min, dried again, and then blocked with 100 ml 3% BSA-PBS for 30 min at room temperature. The ®rst antibodies (C-15, Pharmingen), diluted 1:100 in blocking buer, were then added and subsequently incubated at room temperature for 45 min. After washing, the slides were blocked again and 50 ml Rhodomine conjugated secondary antibodies which were diluted 1:40 with blocking buer were incubated with each slide at room temperature for 30 min. The slides were then washed four times with PBS and then covered with mounting medium and coverslips.
Establishment of 32D cell line with Tet suppressible p210 bcr-abl transcription units 32D cells were electroporated with pUHD15-1neo (Gossen and Bujard, 1992) , which contains a chimeric VP16/ tetracycline regulatory domain cDNA consisting of a VP16 transcriptional regulatory domain and the DNA binding domain of the tetracycline repressor protein. These cells were selected with 750 mg/ml G418 for 2 weeks, and subsequently cloned by limiting dilution. Each of these clones was transfected with pUHC13-3 (which contains a tetracycline regulatable luciferase transcription unit), and luciferase activity was examined. The clones showing intermediate level of luciferase expression were then transfected with pUHD-p210, which contains a bcr-abl transcription unit. The clones that survived in the absence of tetracycline and died in the presence of tetracycline (both in the absence of IL3) were chosen for further experimentation and Western blotting.
Kinase inhibition assay
GST, GST-c-Abl FL (full length), GST-Rb C-box, GSTRb MC-box, GST-Rb truc-box, and were puri®ed by anity chromatography using glutathione-Sepharose beads. The GST-c-Abl FL and GSTCrk (120-225) were mixed with varying levels of Rb C-box, Rb MC-box, Rb truc-box, or GST protein as control in abl Figure. After termination of kinase reaction, the mixtures were analysed on 12% SDS ± PAGE and autoradiography kinase buer along with [
33 P]-r-ATP. The mixtures were then incubated for 30 min at 258C, and EDTA was added to terminate the kinase reaction. The results of the reactions were subjected to 12% SDS ± PAGE and autoradiography.
